Distortion-induced fatigue cracks caused by differential deflections between adjacent girders are common issues for steel girder bridges built prior to the mid-1980s in the United States. Monitoring these fatigue cracks is essential to ensure bridge structural integrity. Despite various level of success of crack monitoring methods over the past decades, monitoring distortion-induced fatigue cracks is still challenging due to the complex structural joint layout and unpredictable crack propagation paths. Previously, the authors proposed soft elastomeric capacitor (SEC), a large-size flexible capacitive strain sensor, for monitoring in-plane fatigue cracks. Crack growth can be robustly identified by extracting the crack growth index (CGI) from measured capacitance signals. In this study, the SECs are investigated for monitoring distortion-induced fatigue cracks. A dense array of SECs is proposed to monitor a large structural surface with fatigue-susceptible details. The effectiveness of this strategy has been verified through a fatigue test of a large-scale bridge girder to cross-frame connection model. By extracting CGIs from the SEC arrays, distortion-induced fatigue crack growth can be successfully monitored.
INTRODUCTION
Civil infrastructure is essential to maintaining functionalities of society. Many aged civil infrastructures are subjected to structural damage due to carrying extensive loads over long period. In particular, fatigue cracks caused by traffic loads are critical safety concerns for many steel highway bridges in the United States. In particular, distortion-induced fatigue cracks occurring at the web gap region [1] are the most common type of fatigue cracks in steel bridges. Produced by differential deflections between adjacent girders, distortion-induced fatigue cracks are widely found in many aged steel bridges built prior to the mid-1980s in the United States [ 2 ] . Furthermore, distortion-induced fatigue cracks are difficult to visually identify, but may rapidly grow and cause catastrophe failures [3] . Even though human visual inspection remains the most common fatigue crack detection approach, there are significant limitations with it, including large time investments and low reliability [4] .
Advanced sensing technologies have attracted great attention in the structural health monitoring (SHM) and nondestructive testing (NDT) communities for detecting and/or monitoring of distortion-induced fatigue cracks in steel bridges. Examples include acoustic emission technology proposed by Yu et al. [5] , piezo-floating-gate (PFG)
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Fatigue crack Connection plate sensors proposed by Alavi et al. [6] , and video-based feature tracking approach proposed by Kong and Li [7, 8] . Nevertheless, success of these methods require extensive efforts for sensor deployment or equipment setup in the field, which may limit their flexibilities from laboratory setup to field deployment in steel bridges. Strain-based sensing technologies such as foil strain gauges [9] have shown potential for detecting distortion-induced fatigue cracks in steel bridges, but small sensing area and limited measurement range make them less feasible for monitoring fatigue cracks over large structural surfaces.
Recently, emerging strain sensing technologies have demonstrated capabilities for measuring strains over a much larger area than traditional foil strain gauges. Termed 'sensing skins', these technologies have been proposed by researchers based on various sensing principles. Examples include carbon nanotube-based sensors [10, 11] , resistive sensing sheets [ 12 ] , printable conductive polymer [ 13 ] , and patch antenna sensors [ 14 ] . The authors previously developed a soft elastomeric capacitor (SEC) [15] for SHM in civil structures. The SEC is a large-area and flexible capacitive sensing skin, able to measure up to 20% strain change [16] . Some recent SEC-based applications include: damage evaluation in a wind turbine blade [17] , in-plane strain map reconstruction [18] , and measurement of dynamic structural response [19] .
The SEC has also been demonstrated to be suitable for detecting and monitoring fatigue cracks. Previously, the authors verified the performance of SECs for sensing fatigue cracks through finite element simulation [20] and experimental investigations [21, 22, 23] . However, these investigations were focused on a single SEC subjected to an inplane fatigue crack in a small-scale specimen. In this study, we demonstrate the crack sensing ability of the SECs through an experimental test on a scaled bridge girder connection with distortion-induced fatigue cracks. In particular, multiple SECs in the form of an SEC array were applied to cover a realistic fatigue-susceptible region. Experimental results indicated that the proposed strategy can offer more comprehensive information on fatigue damage within the monitored structural region than traditional discrete measurements. Figure 1c ), causing distortion-induced fatigue cracks. Figure 1c shows a typical fatigue crack at the web gap region. As shown, this type of cracking often occurs at the top end of the fillet weld between the connection plate and web. A reduced-scale test model was built in the laboratory for the experiment in this study to mimic the behavior between the cross frame and the girder in the field, as shown in Figure 1b . Further discussions on the mechanism of distortion-induced fatigue cracks in steel bridges can be found in [24] . Figure 2 shows the sensing principle of the SEC. Briefly, the SEC is a large and flexible capacitor in form of a sandwiched structure. The middle layer of the SEC is a nonconductive plate made by styrene-ethylene/butylenestyrene (SEBS) block co-polymer filled with titania. The top and bottom layers are conductive materials consisting 
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In Eqn 1, e 0 is the permittivity of air, and e r is the permittivity of the dielectric. Figure 2c shows a photograph of the SEC. A more detailed discussion regarding the sensing principle of the SEC can be found in reference [15] . 
Crack growth index
Previously, the authors established a novel SEC-based data processing approach [22, 25] to extract fatigue-sensitive features, termed the crack growth index (CGI), from SEC measurements for monitoring fatigue crack growth. The methodology of CGI is briefly reviewed in this subsection, which serves as the fundamental basis of the sensing strategy for distortion-induced fatigue cracks in this study. Figure 3a summarizes the process for extracting CGIs using a simple example of steel plate under fatigue loading for illustration purposes. In this example, a steel plate is fixed at its bottom and subjected to a periodic harmonic fatigue load F(t), leading to the development of an in-plane fatigue crack. To detect and monitor the fatigue crack, a SEC is deployed on the steel plate. Under the fatigue load F(t), short time-series measurements of the SEC C(t) are collected. Then, power spectral density (PSD) of C(t) is computed to transfer the time-series signal to the frequency domain. Essentially, the PSD depicts the distribution of the energy content of the SEC measurement. In this regard, the peak of the PSD curve at the loading frequency (denoted as peak C ) is an indicator of the peak-to-peak capacitance in the time-series signal.
Additionally, the applied load F(t) is also needed for CGI extraction. This is since the SEC's response is directly related to the applied load F(t). A higher capacitance response C(t) can be produced by a larger load F(t), even if the fatigue crack does not experience any growth. As a result, the SEC's response must be normalized by the applied load, as shown in the equation in Figure 3a . In field deployment, the applied fatigue load can be indirectly measured through strain measurements on structural members in the steel bridge.
Using the above methodology, multiple CGIs can be extracted from a series of SEC measurements. As demonstrated in Figure 3b , if the fatigue crack experiences growth, an increasing CGI trend can be found. Through collection of CGIs from multiple short-time measurements, fatigue crack growth can be monitored.
The above demonstration is based on an example of a cracked steel plate. In the case of deployment of SEC arrays with no crack occurring under one or multiple SECs, the SECs would still serve as large-area strain sensors to Cross frame's SEC arrays^.
s -t'
Connection plate Girder monitor the potential strain field change/migration caused by crack activity. A more detailed discussion about extracting CGI from the SEC measurements can be found in [22] . Figure 4 summarizes the experimental model adopted in this study. Briefly, the test model is a bridge girder to cross frame connection as shown in Figure 4a , with a skewed cross frame that was connected to the bridge girder through a connection plate (Figure 4a ). An actuator was attached at the far end of the cross frame and used to apply cyclic fatigue loads. A loading protocol with 0.5 Hz harmonic load cycles was adopted, with a range of -4.9 kN to 4.9 kN. As discussed in Section 2.3, knowledge of the applied load is required to compute the CGI. For this approach to be viable, a strain gauge was installed on the top horizontal cross frame member, as shown in Figure 4a . Figure 4b and c show the SEC array and its layout. In total, 11 SECs were attached on the fatigue-susceptible region using the epoxy JB Weld. Some SECs (SEC a1, a5, and a10) were folded between the web and the connection plate. Two sizes of SECs were adopted including: a large format, 76.2 mm x 76.2 mm (3 in. x 3 in.), and a small format, 38.1 mm x 38.1 mm (1.5 in. x 1.5 in.). To collect the SEC measurements, two off-the-shelf data acquisition (DAQ) systems (ACAM PCAP02) were adopted in the experiment. Prior to this experiment, approximately 2.7 million fatigue cycles had been applied to the set-up, leading to fatigue cracking in the web gap region of the connection. The 19.1 mm (0.75 in.) crack was oriented vertically along the weld line between the connection plate and the web, as shown in Figure 5a . 
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